Carboxylates, such as malate and citrate, are widely acknowledged to have a central role in plant metabolism. They are involved in the production of energy and its storage as well as contributing to the cellular osmolyte pool and participating in the regulation of cellular pH. As we discuss here, recent research has demonstrated the functional importance of carboxylate excretion into the soil, apoplast and vacuole, particular with respect to the regulation of stomatal and root function.
more important than that of the roots. Carboxylate excretion is often, but not always, 79 accompanied by soil acidification through plasma membrane localized proton pumps. 80
It was recently observed that acidification and excretion follow a diurnal rhythm 81 starting a few hours into the light phase [21] . Since excretion of citrate requires a 82 large provision of C, it is likely that sugars must first accumulate in the root tissue 83 prior to carboxylate production and release. Intriguingly, the expression pattern of 84 transporters responsible for the uptake of NO 3 -, NH 4 + and SO 4 2-also follow similar 85 diurnal cycles [22] . Carboxylate excretion is, however, not restricted to cluster roots 86 but is rather a common strategy used by plants which do not form mycorrhiza to 87 improve their phosphate status, although in terms of levels of local concentrations 88 cluster roots outstrip other root types by far [14] . 89
90
Excretion of carboxylates, mainly citrate, is additionally beneficial for iron nutrition 91 and plants producing cluster roots also induce the production of this root type under 92 low iron availability. However, the relationship between Fe 3+ /Fe 2+ , soil composition 93 and soil pH is extremely complex -interested readers are referred to several 94 excellent recent reviews for details [23, 24, 25] . Although aluminum is extremely toxic 95 and a prominent element of the Earth's crust it generally does not pose a problem for 96 plants since at neutral pH on alkaline soils, the solubility of aluminum is extremely 97 low. However, about one third of arable soils are acidic and in these regions 98 aluminum is present partially as Al 3+ , which inhibits root growth and development, 99 creating serious toxicity symptoms and yield losses [26] . One way plants deal with 100 aluminum toxicity is via the excretion of carboxylates which form complexes with 101 aluminum and thus reduce the free Al 3+ concentration [26] . Due to their lower pK 102 plants mainly excrete citrate and malate, via independent processes, in response to 104 Al 3+ [27] . That said some plants, such as poplar predominantly excrete oxalate 105 instead of malate when exposed to aluminum or other heavy metals [28] , and a 106 recent study comparing different rice cultivars for lead tolerance revealed that this 107 trait correlated with the amount of oxalate excreted [29] . The response of roots to Al 3+ 108 is very rapid and considerable amounts of malate are excreted during this process. 109
This observation suggests that the malate and citrate pools of the vacuole can be 110 readily mobilized when the plant is exposed to aluminum, in order to release 111 sufficient amounts of carboxylates to complex Al 3+ ions. 112
113
Malate and citrate are excellent C-sources for a large number of microorganisms. 114
Bacteroids living in symbiosis with plants receive their energy supply through the 115 peribacteroidal membrane largely in the form of malate. Similarly their symbiotic 116 counterparts, free living nitrogen fixing bacteria, preferential use malate and citrate as 117 C-sources. However, other pathogens depend on citrate within the soil as reported 118
for Pectobacterium atrosepticum which requires citrate uptake for full bacterial 119 virulence. Accordingly, the absence of a functional citrate transporter in 120
Pectobacterium atrosepticum renders potato relatively tolerant to inoculation with this 121 pathogen [30] . In a complementary study Rudrappa et al. (2008) 
Carboxylates in the apoplast 136
Transport of iron, zinc and other heavy metals from the root to the shoot occurs 137 mainly in the form of complexes rather than in their free form. Nicotianamine 138 complexes several heavy metals, such as iron or zinc [35, 36, 37] . In addition to 139 nicotianamine, citrate has been found to complex heavy metals and to be required for 140 their long term transport in plants [38, 39, 40] . Reduced citrate contents in the xylem, 141 as observed in knock-out mutants of the MATE transporter FRD3 results in the 142 accumulation of iron in the root and leaves and in the constitutive expression of 143 genes required for iron uptake [39] . Despite the fact that the frd3 knock-out mutants 144 contain excess amounts of iron, they are chlorotic, suggesting that the intra-plant 145 distribution of iron has been disrupted. Indeed, detailed analysis revealed that iron 146
accumulates to large amount in the vascular cylinder in the roots of the frd3 mutants, 147 that iron contents in the xylem were reduced and that in leaves iron was most 148 probably precipitated in the cell wall and could thus not be delivered into the cells. 149
These observations strongly suggest that reasonable amounts of citrate are required 150 in the apoplast and xylem to sustain normal rates of root-to-shoot iron delivery. 151
152
In the leaf apoplast malate can be found at concentrations of 1-2 mM, whereas 153 racing CO 2 levels result in increased apoplastic malate concentrations [41] . It has 154 partially mediates closure of stomata under these conditions by shifting the current-156 voltage curve of anion channels towards resting membrane potentials, and thereby 157 increasing the probability of opening of the anion channels [42, 43, 44] Alternatively free carboxylates could first be released into the cytosol and the 192 consequent shift in equilibrium between complexed and free micronutrients could be 193 anticipated to facilitate the availability of the metal ions. It should, however, be noted 194 that the release of micronutrients seems unlikely to be highly specific since the 195 nramp3 and nramp4 mutants which are responsible for the release of iron are also 196 permeable to the highly toxic cadmium [54] . As mentioned above most plants excrete carboxylates into the surrounding soil in 219 response to Al 3+ to form non-toxic complexes. TaALMT1 was the first malate channel 220 identified in wheat [58] . It is constitutively expressed in root apices but further 221 activated by apoplastic aluminum thus conferring tolerance to wheat cultivars. act also as a malate exporter [52] . Therefore it will be interesting to elucidate how 322
AttDT is regulated in order to act at the same time as importer as well as an exporter. 323 324 325
Conclusions and Outlook 326 327
The central importance of carboxylates in plant metabolism and physiological 328 processes have long been recognized. However, the post-genome era has led to 329 rapid advances with a number of transporters being identified which mediate the 330 excretion of carboylates to the soil, apoplast and vacuole. The facile acquisition of 331 knock-out mutants and transgenics in Arabidopsis has accelerated the realisation of 332 the precise function and importance of several of these transport proteins with 333 studies on alumium tolerance, iron and phosphate nutrition being of particular note. proteins in stomatal movement remains to be elucidated. On one hand ALMT-type 647 it can not be excluded that ALMTs could also function in the efflux of malate into the 649 cytosol during guard cell closure. Efflux of malate through the plasma membrane 650 could also be mediated by ALMT proteins or alternatively by the SLAC1 protein 651 which is likely to represent at least part of the S-type channel, however the substrate 652 specificity for this channel has still to be established [43, 44] . We also propose that 653
AttDT could act as an importer during stomatal opening and as an exporter during 654 guard cell closure since published data suggest a similar function in mesophyll tissue 655 
